A ntigen-specific CD8
ϩ T cells mature and expand upon interaction with APCs and CD4 ϩ T lymphocytes (1) . Previous reports based on in vivo experimental observations pointed to the possible participation of B cells in the context of some virally (2) or parasite-induced T cell responses (3) . Moreover, clinical observations suggest that B cells may modulate T cell effector function in the context of allograft rejection (4) and autoimmune disorders such as multiple sclerosis (5) . These findings suggest that B cells sustain T cell function in inflamed tissues although, to date, no mechanistic explanation has been provided.
We observed that circulating CTLs induced by melanoma Agspecific immunization display a quiescent phenotype in vivo that could be reversed in vitro by combined exposure of PBMCs to Ag recall and rIL-2, resulting in their rapid and specific expansion (6) . Interestingly, expansion of Ag-specific CD8 T cells in vitro required not only Ag recall and rIL-2, but the whole PBMC population because purified CD8 T cells alone proliferated less efficiently in identical conditions. Additional help by CD4-expressing T cells to CD8 T cell cultures only partially restored the ability of Ag-specific CTLs to proliferate, suggesting that other cells included in the whole PBMC population could play a helper role in CD8 activation/proliferation. This observation revealed the necessity to better understand the kinetics of efficient memory T cell activation.
To further explore the requirements for in vitro activation/expansion of CTLs, we studied the kinetics of proliferation of HLA-A*0201-restricted, Flu M1:58-66-specific CTLs as a well-characterized human memory CD8 T cell model. Using this model, we identified a novel interaction between activated CTLs and CD19-expressing B lymphocytes. Ag-stimulated CTLs serially engage autologous B lymphocytes through CD27/CD70 contact that promote their survival and proliferation. This cross-talk is independent of Ag presentation because it occurs in cultures depleted of the relevant epitope. Moreover, these interactions induce a broad release of proinflammatory cytokines that follows two general patterns: 1) an epitope-dependent enhancement of cytokine release, and 2) a previously undiscovered coordinate release of cytokines independent of epitope exposure. The latter includes chemoattractant chemokines that target specifically activated T cells expressing the chemokine receptors CXCR3 and/or CCR4. As a result, activated T cells are attracted to B cells, which exert a "helper" role significantly enhancing CTL survival and proliferation. This finding may explain previous in vivo observations in mice and humans suggestive of a role for B cells as modulators of T cell function in the context of viral infection, autoimmune pathology, and allograft rejection.
Materials and Methods

Cell sorting
Magnetic cell sorting of CD8, CD19, and CD4 subpopulations were performed by negative selections (Miltenyi Biotec) on autoMACS separator. Median purity (plus 1st and 3rd quartile) of sorted cells was 84% (77.3-88.8) for CD8 cells, and 93.4% (90.6 -96.7) for CD19 cells, respectively. Where indicated, sorting was performed by high speed flow cytometry (FACSVantage SE; BD Biosciences); Median purity of R4 was 97.2% (94 -97.4). A logical gate on SSC and live/dead staining with 4Ј,6-diamidino-2-phenylindole were used to make sure that all sorted cells were indeed live events and not debris or clumped cell artifacts. The sorting was always done in the normal-R mode, which optimizes for cell purity (Ͼ98%), as confirmed by re-analysis of the sorted populations. The actual coupling of cells in the sorted Flu ϩ CFSE ϩ population was evidenced by direct imaging of cells using a fluorescence microscope immediately after sorting, as well as by time-lapse analysis of immune-labeled cells.
In vitro sensitization
PBMCs were obtained by leukapheresis from HLA-A*0201 normal volunteers. HLA-A*0201 expression was documented by sequence-based typing as previously described (7) . After overnight panning, cells were pulsed at day 1 with 1 M peptide (Flu M1:58-66, or EBV BMLF-1:280-288 or CMV pp65:495-503; Princeton Biomolecules); 300 IU/ml rIL2 (Chiron) were then added to the culture from day 2, and every 48 h thereafter. Unless differently indicated, cultures were performed for 9 days. For consistency with the expansion method, we performed all in vitro sensitization (IVS) 3 in the upper chambers of a Transwell culture system (cell culture inserts; BD Falcon). We expanded 1.5 ϫ 10 6 or 7 ϫ 10 6 cells in the upper chambers (24-and 6-well size, respectively) and, when indicated, 3 ϫ 10 6 cells in the lower chamber (24-well size). CTL/B cell cocultures were set by adding freshly isolated CD19 ϩ B cells to T cell cultures 2 days after exposing the T cells to the antigenic peptide to assure its complete degradation by peptidases (8) . When specified, cells were stained at day 1 with CFSE (6) . Cell expansion of tFlu CD8 and of CD19 cells is expressed as doubling cell number. Cells were counted before and after IVS, by multiplying cell numbers by the percentages of their specific cell fraction calculated by flow cytometry. Doubling is expressed as log 2 of the respective fold increase (ϭ final/initial number of cells).
The previously characterized 1520-tumor-infiltrating lymphocyte clone (1520-TIL) (9) was used to assess CTL requirements for B cell contact in the absence of possibly contaminating cells. This clone specifically recognizes the gp100-melanoma differentiation Ag and proliferates in culture in the present of rIL-2 without the need for Ags-specific stimulation. The TIL was expanded for 4 days alone, or with B cells, in the same culture conditions as fresh CTLs, with the exception of the rIL2 concentration, which was 6000 IU/ml for TILs.
T2 cells were used as HLA-A*0201-expressing cells in functional assays as later described. These cells stem from the fusion of a B cell line with a T cell lymphoma (10) and express several B cells markers including CD19. In other experiments, HLA-A*0201-matched and mismatched heterologous EBV transformed lymphoblastoid cells lines (LCL) were used for CTL stimulation in the presence or absence of Ag.
HLA-A*0201-expressing CD19 expressing autologous B cells, T2 cells, or LCL were pulsed with Flu:M1 58 -66 peptide, when used as APCs. One ϫ10 6 /ml cells was exposed for 2-3 h to 1 M peptide at 37°C. Cells were gently shaken every 15Ј during peptide exposure, and washed 2 times before being added to effector cells. In every culture where CD8 ϩ cells were mixed with CD19 cells, the ratio was 1:1.
Secretion of a soluble variety of CD27 (sCD27) by B cells was assessed by ELISA on culture supernatants from PBMCs, B cells, and PBMCs cultured together with autologous B cells in the presence or absence of Flu M1:58 -66 peptide plus rIL-2. Concentration of sCD27 was tested in supernatants with the human sCD27 ELISA instant kit (R&D Systems). The specificity of the requirements for CD27 stimulation of T cell proliferation by B cells through CD27 was tested by cross-linking human recombinant CD27 (R&D Systems) 10 ng/ml, anti-human CD70 mAb (Ancell), or anti-CD3/OKT3 mAb (Ortho Biotech) to culture plates. After overnight incubation, CD8 T cells were added in the presence or absence of Flu M1: 58 -66 peptide and fold increase of Flu-specific CTLs was calculated as described in the previous section.
Functional assays
Cytotoxicity assays were performed adding CFSE-stained (6) T2 cells, pulsed with 1 M Flu: M1 58-66 peptide to R4 cells (tFlu ϩ CD8 cells sorted after 9 days of IVS), or to R4 cells added 1:1 with autologous CD19 cells, after 1 day of culture. Four hours, or overnight after T2 addition, cells were counted and analyzed by flow cytometry. Numbers of T2 cells were calculated on CD8 Ϫ , tFlu Ϫ , CFSE ϩ fractions. Cytokine release detection assay was performed on supernatants collected after 36 h of culture, quickly centrifuged, and frozen at Ϫ20°C. Analyses were performed by Pierce Biotechnology, with SearchLight multiplex assay method. Caspase generation in target cells exposed to CTLs was measured using the PEconjugated rabbit anti-active caspase-3 mAb (BD Pharmingen) after permeabilization of target cells 3 h following the exposure to the effector cells at 37°C and 5% CO 2 . Captothecin was added at a final concentration of 20 M to Jurkat cell suspensions at a density of 1 ϫ 10 6 cells/ml. After 3 h incubation, cells were washed and resuspended in equal volume of Fix & Perm Medium A (Caltag Laboratories) and cell containing solution, and incubated for 15 min at room temperature. The cells were then washed in phosphate-buffered saline containing 5% FCS at 1500 rpm (600 ϫ g) for 5 min. After aspiration of the supernatant, 20 l of PE-conjugated affinitypurified polyclonal rabbit anti-active caspase-3 Ab were added. After 30 min of incubation at room temperature, the cells were washed and active caspase-4 staining was assessed by FACS analysis; control consisted of Jurkat T cells induced to apoptosis with camptothecin. The cytotoxic activity of Flu-specific CTL was then tested, plating at a 1:1 E:T ratio Flu-CTL in the presence or absence of equal amounts of B cells and T2 cells loaded with the Flu M1:58 -66 peptide, or an irrelevant peptide consisting of the melanoma Ag epitope gp100:209-217. Active caspase-3 was measured as the fold increase in percent of caspase-3 expressing T2 loaded with the relevant Flu peptide, compared with background staining of T2 cells treated with isotype control, or T2 cells pulsed with irrelevant peptide.
Blocking experiments were performed with mAbs obtained from Ancell. Anti-CD70 IgG1 clone BU69 was used against TILs, and anti CD80 IgM clone BB1 was used against B cells. Both Abs and the relative IgG1 and IgM controls were incubated with cells for 45 min at 4°C, at 10 g/ml (in 200 l). Cells (2 ϫ 10Ϫ6/ml) were then cultured for 4 days in the upper chamber of the Transwell system at a 1:1 TILs/B cell ratio.
Abs and fluorescent imaging
Cells were labeled with the following fluorescent mAbs: tFlu (FLU M1 iTAg MHC tetramer; Beckman Coulter), CD8, CD4, CD137, CD137-L, CCR4, CXCR3, and CD19 Abs (BD Pharmingen). Indirect Ab staining was performed just for microscope imaging (secondary Abs anti-mouse IgG1, and IgG2a from Invitrogen). Microscope fluorescent images were taken with an Axiovert 200M inverted microscope (Zeiss).
Statistical analyses
Significant p values are shown referring to two-tailed paired Student's t test.
RNA isolation and amplification and cDNA arrays
Total RNA was isolated with RNeasy minikits (Qiagen) and amplified into anti-sense RNA as previously described (11, 12) . First strand cDNA synthesis was accomplished in 1 l of SUPERase•In (Ambion) and ThermoScript RT (Invitrogen) in 2 g of BSA. RNA quality was verified by Agilent Technologies. Anti-sense RNA was labeled with Cy5-dUTP (Amersham Biosciences) and cohybridized with reference pooled normal donor PBMC labeled with Cy3-dUTP to custom made 17K-cDNA microarrays. Arrays were scanned on a GenePix 4000 (Molecular Devices) and analyzed using BRB-ArrayTools version 3.3 (Cluster and Tree View software).
The entire microarray dataset will be available upon request at www.ncbi.nlm.nih.gov/geo/.
Results
Expansion of CTLs
We first characterized the kinetics of expansion of HLA-A*0201 expressing PBMC exposed to the HLA-A*0201-associated epitope Flu M1: 58-66. During the 3 wk of expansion, CFSE-labeled CD8 T cells segregated into four regions of the FACS scatter plot (Fig.  1A) . A first region (R4) indicating tetrameric (t)Flu ϩ /CFSE-(Fluspecific/proliferating) cells; a second one (R5) consisting of tFlu ϩ / CFSE ϩ (Flu-specific/nonproliferating) cells; R6 and R7 regions indicating respectively tFlu-/CFSE-(non specifically proliferating) and tFlu-/CFSE ϩ (nonproliferating) cells. Enumeration of CTLs of the four regions indicated that while the R7 population was not increasing in number during the 3-wk period, the R5 region surprisingly followed the kinetics of expansion typical of proliferating CTLs (proliferation during the first week of culture, steady state during the second week and contraction phase during the third week) (13) (14) (15) similarly to the R4 and R6 regions (Fig. 1B) . In particular, the highest proportion of CD8-expressing T cells with the R5 phenotype was observed at day 9 paralleling the peak expansion in the R4 and R6 populations.
To understand the paradoxical observation of CFSE-stained proliferating CTLs, we purified by high-speed cell sorting the four different regions. Whereas sorting of R4, R6, and R7 yielded in all experiments pure populations, R5 consistently split into 3 different phenotypes representative of the original R4, R5, and R7 groups (Fig. 1C) . This was best explained by the presence of tFlu ϩ / CFSE Ϫ cells coupled to tFlu Ϫ /CFSE ϩ cells in the parental R5 population that were separated by the shear force of the sorting process. Interestingly, sorting of the R7 population did not yield the same hybrid results. This suggested that coupling of CD8 with CFSE ϩ cells is mostly pertinent to activated T cells in the first 10 days following Ag exposure. This phenomenon could also be observed in PBMCs stimulated with IL-15 but not IL-7 and using 
B, CD8
ϩ cell number for the four regions (n ϭ 2). C, Representative phenotype of CD8 cells sorted after 9 days of IVS with high-speed flow cytometry. Sorting was performed using logical compound gates on intact (R1), vital/DAPI (R2), CD8 ϩ (R3) PBMCs, and subsequently divided in R4 through 7 with respect to tFLU and CFSE staining parameters (n ϭ 6). D, Gene expression of the four sorted regions reveals the presence of a B cell signature. E, Cells sorted from the R5 gate were labeled with CD19 Abs, and phenotyped by flow cytometry. When analyzed over time F CD4 ϩ cells appeared in the CD8 ϩ Flu ϩ gated region two days after CD19 ϩ cells. Only later (day 12) CD8 ϩ cells stained simultaneously with CD4 and CD19 Abs. CD8 ϩ cells G and B cells H interact with early I contacts in the R5 region, followed by early J and late K phase capping of CD19 toward the T cell/B cell interface. Flu tetramer is visualized in red, CD19 in green, and CD8 in blue.
other viral epitopes from EBV and cytomegalovirus (data not shown).
Characterization of CFSE ϩ coupled cells
The nature of CTLs couplets was suggested by transcriptional profiling. CD8 ϩ T cells sorted from the four regions were processed for messenger RNA amplification and hybridization to cDNA microarrays (11) . Several statistical comparisons were performed to identify gene signatures specific for each region, which yielded comparable results. Surprisingly, among the immune-related signatures, Ig transcripts, and other private B cell signatures such as CD19, CD20, and CD79 were most consistently represented in region 5 (Fig. 1D) . Phenotyping of the R5 subregions (r4, r5, and r7, mimicking respectively R4, R5, and R7) corroborated the transcriptional data demonstrating that while the r4 population consisted purely of CD8 ϩ /CD19 Ϫ cells, the r5 population included double positive CD8 ϩ /CD19 ϩ cells that had remained coupled after sorting (Fig. 1E) . Interestingly, the r7 subfraction of R5 included a small proportion of CD8 Ϫ /CD19 Ϫ cells. Subsequent analyses demonstrated that these were CD4 ϩ , CD56 ϩ but not CD14 ϩ cells, participating to a minor degree to couplet formation. The participation of CD4 ϩ T cells was secondary to the CTL/B cell coupling and occurred at a later stage (Fig. 1F) , around the 8th day of culture, while CD19 ϩ cells were observable in the R5 region from the 6th day on. At day 12, cells staining for all three markers (CD4, CD8, and CD19) were observed suggesting that all three populations participated at that point in the interaction.
Timed fluorescence microscopy demonstrated a progressive association between CD19 ϩ cells and CD8 ϩ /tFlu ϩ cells that resulted in tight cellular interactions in which CD19 capped close to the T cell membrane (Fig. 1, G to K) . Slow speed movies taken at intervals of 5 min per frame demonstrated that coupling was T celldependent as B cells predominantly remained motionless being progressively "visited" by wandering CTLs (Video 1). These interactions were selective as CTLs discriminated among B cells (additional clips available upon request). Moreover, CTLs controlled the kinetics of this interaction, as a 10-fold depletion of CD19 ϩ cells did not significantly decrease the proportion of CTL/B cell couplets (data not shown). These observations suggest that a specific proportion of proliferating CTLs possess the ability to interact with subsets of B cells.
CTL/B coupling is independent of Ag presentation by B cells
To dissect the dynamics of CTL/B cell coupling, we mixed R4 CTL sorted on the 9th day of culture without further re-exposure to Ag with freshly isolated autologous CD19 ϩ cells. This sorting procedure resulted in high degree of purity of flu specific CTLs (ϳ99%). Overnight culture in IL-2 consistently reproduced the coupling between B cells and R4-derived CTLs ( Fig. 2A) . When fresh autologous B cells exogenously loaded with Flu peptide were mixed with R4-derived tFlu ϩ CTLs, complete killing of all B cells occurred and rare couplets were observed. Thus, the coupling between CTLs and B cells was a bystander phenomenon independent of Ag presentation by B cells that, in fact, were totally eliminated when loaded with Flu peptide. Moreover, the CTLs cultures were likely depleted of cognate epitope during the 9 days in culture, since it has been shown that the half life of synthetic nonamer peptides in vitro falls within a range of seconds due to peptidase degradation (8) . Furthermore, minuscule amounts of remaining peptide should have been washed off during the steps associated with the sorting procedure, and no additional epitope administration was necessary to reproduce the coupling between previously Ag-exposed CTLs and fresh B cells. The coupling represented a general characteristic of Ag-activated CTLs, as it could be equally observed whether CTLs were induced in vitro with HLA-A*0201 associated epitopes other than Flu, such as EBV BMLF-1:280 -288, or CMV pp65:495-503 (Fig. 2B) .
CTL/B coupling does not enhance CTL cytotoxic activity, but stimulates cytokine release by B cells
RNA profiling demonstrated that genes associated with CTL effector function were expressed in common between R4 and R5, and were not significantly affected by B cell interactions (Fig. 2C) . Concordantly, cytotoxic activity of R4 cells sorted at day 9 was potent and not affected by the addition of CD19 cells (Fig. 2D) . Thus, no obvious differences were noted in the ability of CTLs to lyse their targets. However, subtle differences in potency could not be directly addressed with this assay, and therefore, we applied a caspase-3 generation assay to identify finer differences in the potency of CTLs that had been cultured in the presence or absence of CD19-expressing B cells (Fig. 2E) . The results corroborated the conclusion drawn by the cytotoxicity assay that T cells/B cell interactions did not affect the cytotoxic function of Flu-specific CTL. In fact, in three consecutive experiments no difference was noted in caspase-3 activation in Flu peptide bearing T2 cells exposed to Flu-specific CTL in the absence or presence of B cells.
CTL/B cell coupling primarily affected cytokine release. Transcriptional analysis clearly identified three cytokine signatures ( Save for the third cytokine expression pattern, it did not appear that CTL/B cell coupling dramatically altered cytokine transcription; rather, respective expression levels were maintained. However, coupling strikingly affected the secretion of several of these cytokines. R4 CTLs were sorted at day 9 and exposed to freshly isolated autologous CD19 ϩ cells. After 36 h of coculture, supernatants were tested on a protein array platform. Two patterns of cytokine secretion were observed: 1) an epitope-dependent cytokine release that was enhanced by the presence of autologous CD19 ϩ cells (type A; IFN-␥, GM-CSF, TNF-␣, IL-4, IL-7, CXCL8/IL-8, CCL1/I-309, IL-10, CCL3/MIP1-␣, CCL4/MIP-1␤), and 2) an in promptu previously undiscovered coordinate release of cytokines (type B; IL-6, CXCL9/MIG, CXCL10/IP-10, CXCL11/I-TAC, ANG2, CCL17/TARC, CCL22/MDC), occurring independently of epitope exposure, that was further enhanced by the presence of Ag (Fig. 3B) . Interestingly, the majority of cytokines whose release was dependent upon epitope stimulation (type A cytokines) belonged to the first transcriptional pattern, with the exception of IL-8, whose mRNA levels were higher in B cells. Cytokines following the epitope-independent pattern of secretion (type B) belonged exclusively to the second and third transcriptional patterns.
The type-A pattern of cytokine release could be best characterized by exposing R4 CTLs to HLA-A*0201-expressing T2 cells. participated in the secretion of the type B cytokines (Fig. 3B) ; indeed, the release of type B cytokines was minimally enhanced when CTL/B cell couplets were cocultured with T2 cells alone, and it was further enhanced when cocultured with Flu-loaded T2 cells. Thus, T2 cells may display some of the characteristics of B cells and may produce type B chemokines when exposed to CTLs alone. As discussed later, B cells can induce CTL proliferation through CD27(expressed by B cells)/CD70(expressed by T cells) interactions. We therefore tested the expression of CD27 and CD70 by T2 cells to determine whether the ability to secrete type B cytokines could be mediated through the same interactions. T2 cells uniformly expressed high levels of CD70 but did not express any detectable amounts of CD27, suggesting that chemokine secretion by B cells exposed to CTL follows a different pathway than the one inducing CTL proliferation. It thus appears that B cells constitutively express at the transcriptional level several cytokines that are released only upon interaction with activated CTLs. Importantly, CXCL9/Mig, CXCL10/IP-10, and CXCL11/I-TAC, whose release was strongly enhanced by CTL/B cell coupling, interact with the same receptor CXCR3. CXCR3 is a pivotal modulator of central memory T cell differentiation and was typically expressed by R4 CTLs (16) (97.2 vs. 6.5% in CD19, Fig. 3C ). Consistently, CXCR3, but not CCR4 (receptor for CCL17/TARC and CCL22/MDC), surface expression was highly expressed by R4 CD8 cells and was expressed by almost 100% CD8 cells coupled with B cells in the R5 region. Moreover, CD8 ϩ T cells belonging to the R7 region that were not reacting to Ag exposure expressed significantly lower levels of CXCR3 (data not shown). This data suggests that CXCR3 and its ligands might play a predominant role in specifically attracting activated CTLs to B cells. Chemoattractant cytokines released by CTL/B couplets represent a strong proinflammatory signal capable of amplifying immune responses by attracting T lymphocytes (15, 17, 18) . To our knowledge, however, none of these chemokines had known effects on T cell proliferation and/or survival, with the exception of IL-7, whose release was not significantly affected by coupling. In addition, both transcriptional analysis and SearchLight Multiplex Assay for cytokine detection identified secretion of other putative cytokines associate with TH1 or TH2 polarization. Thus, in these in vitro conditions, B cells do not appear to modulate T cell activation and/or expansion through known classical polarization pathways.
CTL/B coupling promotes survival and proliferation of CTLs through CD27/CD70 interactions
We observed that sorted R4 CTL exposed to fresh autologous CD19 cells survived better in culture (Fig. 4A) , suggesting that B cells could participate in the modulation of CTL survival. To evaluate the weight of this phenomenon and test whether PBMC depleted of B cells could support CTL proliferation, we attempted to deplete PBMC populations of B cells. This was done using either bead-based selection of CD19-expressing B cells, or by providing Rituximab to the PBMC cultures containing fresh plasma that, although aimed at the destruction of CD20 expressing-B cells, could have decreased the number of CD19 expressing-B cells. In either case, however, we failed to completely remove CD19-expressing B cells from the PBMC cultures, and comparable numbers of CTL/B cell couplets could still be seen in the in vitro conditions tested even after several days. Thus, the B cell depletion experiments provided inconclusive results (data not shown). Therefore, to further evaluate the role of B cells in CTL proliferation/survival, we stimulated with Flu peptide PBMC or freshly isolated CD8 ϩ cells in the presence or absence of autologous CD19 ϩ cells (Fig. 4B) . The number of Flu-specific CTLs was significantly increased after 9 days when CD19 ϩ cells were added to CD8 cells, demonstrating that CTL/B cell interactions contribute to CTL proliferation. Because B cells were added two days after in vitro stimulation of the CD8 cells with the Flu-M1:58-66 peptide, and after careful washing of supernatant, the resulting proliferation of CTLs in the presence of bystander B cells could not be due to a costimulatory effect during Ag presentation.
To test whether the increased proliferation of Flu-specific CTL in the presence of B cells resulted from paracrine cytokine release or direct cell-to-cell contact, we exposed CD8 ϩ cells to IVS adopting a trans-well system. Proliferation of Flu ϩ CD8 ϩ cells increased significantly when they were cocultured with fresh autologous B cells in the same chamber (dark-gray bar, Fig. 4C ). However, increased proliferation was observed also when CD8 ϩ T cells alone placed in the upper chamber were exposed to soluble factors passing through the membrane from the lower chamber where B cells were in direct contact with CD8 cells (light-gray bar). Interestingly, the proliferation of the upper chamber CTLs mediated by soluble factors coming from the lower chamber required CD8
ϩ T cell/B cell contact in the lower chamber, as it was not observed with B cells alone in the lower chamber (black bar). Thus, cell-to-cell interactions and soluble factors may co-operate in inducing CTL survival/proliferation. Because significant differences were noted between the two conditions (direct contact of CTL/B cell in the upper chamber compared with indirect effects due to soluble factors trespassing the membrane from the lower chamber containing CTL and B cells to stimulate the upper chamber containing only CD8 cells), it is likely that direct contact significantly contributes to the proliferative effects. ϩ cells. B, F.I. of TILs after a 4-day expansion alone or in the presence of fresh heterologous B cells. TILs, or CD19 cells, were blocked at the beginning of the culture with anti-CD70 (dashed bar), and anti-CD80 (diamond bar) mAbs, respectively, or with the proper Ig control (light-gray bar is the control for CD70 block, dark-gray bar for CD80 block) (n ϭ 4). C, F.I. of CTL after 9 days culture alone Ϫ or after cross-linking of human recombinant CD27, anti-CD70 mAb, or a combination of the two. The anti-CD19 mAb used as an isotype matched negative control, whereas the pan T cell stimulator OKT3 mAb was used as positive control. PBMC were expanded in presence of rIL-2 with (CD8 ϩ Flu, black bars) or without (CD8 alone, white bars) Ag-specific stimulation with the Flu peptide. Student's t test p values refer to significant differences between OKT-3 stimulated cultures and CD8 alone cultures (* Ͻ 0.05, ** Ͻ 0.01); all other conditions did not yield significant differences compared with CD8 alone cultures.
To further understand the mechanism responsible for CTL proliferation in this context, we chose an experimental model, where we could study the function of an established CTL clone that did not require Ag stimulation for expansion. We selected 1520-TIL that we have previously characterized as a monoclonal CD8 ϩ T cell recognizing the GP100:209-217 peptide sequence of the melanoma-associated Ag GP100/PMel17 (9). This TIL can display a prolonged expansion in vitro in the presence of rIL-2 requiring only occasionally Ag re-stimulation. As we observed with fresh CD8 cells, 1520-TIL proliferated better when exposed to fresh CD19 ϩ B cells (Fig. 4D) . Interestingly, proliferation was enhanced only when 1520-TIL were in direct contact with B cells in the trans-well system. This suggests that a mixed CD8 T cell population may behave differently from this clonal model by producing soluble factors when admixed to B cells that may contribute to increased survival. This model was, therefore, deemed ideal for the characterization of the cell-to-cell interaction between CD8 T and B cells that leads to increased survival/proliferation. Because of their independence from Ag exposure, experiments with 1520-TIL supported the helper role of B cells in promoting CTL proliferation as a mechanism separate from classical costimulation during Ag presentation. This model also excluded artifactual effects on CTL proliferation due to a minimal number of contaminant cells that might have been present in the experiments with sorted CD8 T cells (less than Ͻ1% in the fresh CD8 T cell preparations).
To address which molecular mechanism may be involved in promoting CTL proliferation, we screened several molecules known to be associated with T cell activation and the corresponded ligand (4-1BB/4-1BBL, CD27/CD70, and CD28-CD80) for their expression on the surface of 1520-TIL and fresh B lymphocytes. After a first screening, we excluded 4-1BB and its ligand because they were barely expressed. Conversely, CD27, CD70, and CD80 were expressed by either 1520-TIL or B cells; in particular, CD70 was expressed universally by 1520-TIL while CD27 was expressed by approximately half of the CD19-expressing B cells (Fig. 5A) ; this pattern of expression was representative of the expression of the same surface molecules on Flu-specific activated CTL (data not shown). It has been observed that CD27 is required for generation and long term maintenance of T cell immunity (19) , and collectively with CD28 contributes to primary and memory CD8 T cell responses in experimental animal models (20) . By blocking CD27/CD70 interaction, with a blocking Ab directed to CD70 expressed by 1520-TIL, we observed an almost complete abrogation of the survival advantage provided by B cell contact. Interfering with CD28/CD80 interactions instead did not affect the proliferation of 1520-TIL (Fig. 5B) . Thus, CD27/CD70 interactions were necessary to the stimulation of CTL proliferation by B cells; however, cross-linking experiments suggested that such interactions alone are not sufficient. Cross-linking of human recombinant CD27, anti-human CD70 mAb, or a combination of the two to a solid surface could not induce a significant increase in Fluspecific CTL proliferation compared with CTL proliferation in their absence. A significant increase was noted, however, when the pan T cell stimulator OKT3 mAb was used as a control (Fig. 5C) . It is therefore possible that a soluble factor may serve as a costimulator during this interaction, as suggested by the trans-well experiments. In an attempt to identify it, we first tested B cell supernatants in different culture conditions, including in the presence or absence of CD8 T cells, Flu-peptide, and rIL-2 in different combinations for the secretion of sCD27. In no circumstance could we identify evidence of secretion of sCD27, suggesting that factors other than this molecule may be responsible for the costimulation (data not shown). We then tested the same supernatants with the SearchLight Multiplex Assay, which failed to identify any cytokine specifically produced by B cells, save for those chemokines described in Fig. 3B which have no proliferative effects. We are presently attempting with discovery-driven approaches to identify which factor may be responsible for this costimulation.
Because 1520-TIL expressed high levels of CXCR3, we also tested whether its ligands CXCL9/Mig, CXCL10/IP-10, and CXCL11/I-TAC could affect its proliferation. As expected, exogenous exposure of 1520-TIL to chemokine concentrations similar to those detected in supernatants of CTL/B cell cultures (Fig. 3B) did not affect CTL survival. Survival was also not affected by exogenous administration at 1 or 2 logs higher concentrations, or when the three chemokines were collectively provided (data not shown). Similar results were obtained providing the same chemokines to sorted Flu ϩ CTLs (data not shown). Thus, the release of Type-B cytokines by CTL/B cell coupling represents a relevant phenomenon that follows the coupling, and may serve to amplify the coupling process by attracting de novo activated CTLs that may be subsequently activated by direct cell-to-cell contact.
Discussion
Homeostatic cytokines determine survival of central memory T cells (T CM ) by inducing survival of selected cells from a pool of expanded T cells, among which effector memory T cells (T EM ) prevail (21) . Accordingly, lymphocyte development is accompanied by programmed changes in cytokine receptor expression (22) . Moreover, chemokine receptor expression characterizes functional phenotypes of differentiated T cells. For instance, the expression of CXCR3 (receptor for CXCL9/Mig, CXCL10/IP-10, and CXCL11/ I-TAC) or CCR4 (receptor for CCL17/TARC and CCL22/MDC) determines CD4 T cells polarization respectively toward a Th1 or Th2 phenotype (16) . Similarly, CCR4 expressed by recently activated T cells promotes migration toward CCL22/MDC-producing dendritic cells. CXCR3 also plays a major role in modulating activated CD8 T cell physiology, particularly memory CD8 T cells at an intermediate level of differentiation (23) . It has been suggested that CD8 T cell infiltration to inflamed areas such as the cerebrospinal fluid in multiple sclerosis (24) , atherosclerotic plaques (18), the lung of HIV patients with T cell alveolitis (17) , or allografts (25, 26) is predominantly mediated by chemoattractant cytokines of the CXCL9/10/11 family attracting CXCR3 expressing T cells. Although it is generally believed that CXCR3 ligand chemokines are produced by activated dendritic cells, it is possible that the same mechanisms may be used by B cells through CXCR3 and/or CCR4 signaling (27) to attract and retain activated T cells (28) in secondary lymph nodes, or during formation of tertiary lymphoid organs (29) . Generally, these interactions are considered from a B cell-centric point of view with helper CD4 T cells migrating to germinal centers to promote B cell maturation (22) . This study indicates that the interaction between activated CTL and B cells leads to the release of chemoattractant cytokines, which in turn amplify the inflammatory signal by attracting additional immune cells. As T cells enter into contact with B cells, they are stimulated to proliferate. This information suggests a novel dimension to T/B cell interactions in which B cells play a helper role to support CD8 (and possibly CD4) T cells survival and expansion. Moreover, this observation corroborates others' findings that B cells may function as central immune modulators through a reciprocal regulation of polarized cytokine production through T cell interactions (30 (32) . A "B cell-helper" hypothesis also finds support in in vivo observations. More than a decade ago, Schultz et al. (2) observed that B cells play a significant role in modulating in vivo T cell responses to Friend virus-induced leukemia. Mice studies suggest that B cells play an important role in the initiation of T cell responses to Chlamydia trachomatis (mouse pneumonitis) lung infection (3) . Moreover, the presence of B cell signatures in human renal allografts tightly correlates with acute rejection (a predominantly T cell mediated phenomenon) (4). Finally, depletion of B cells in the cerebrospinal fluid of multiple sclerosis patients by the anti-CD20 Ab Rituximab results in secondary reduction of cerebrospinal fluid T cells (5) . Taken together these observations suggest that B cells may play a role in attracting, sustaining, and regulating T cell responses in inflamed tissues in experimental animal models and in human pathology. At present, however, it remains unknown whether, and in what circumstances, CTLs would encounter in vivo and be attracted to non Ag-bearing B cells. As a consequence, we cannot speculate whether this potential helper B cell effect is more likely to represent another facet of a disturbed immune reactivity (such as in autoimmunity or during acute transplant rejection), or represent a physiologic mechanism for the maintenance and modulation of the homeostatic milieu in response to immune stimulation.
The mechanisms determining memory T cell differentiation into T CM vs T EM remain poorly understood in humans (16, (32) (33) (34) . CD8 ϩ memory cells bearing the same TCR-␤ clonotype share features specific for T CM or T EM cells (35) , suggesting that the two phenotypes can be displayed by the same T cell clone, depending upon unequal stimulation of sister cells (36) or progressive differentiation (1, 14) during the contraction phase of the immune response. In accordance, mouse studies suggest that a fraction of CD8 ϩ T EM convert to T CM ; yet, the mechanisms responsible for this conversion or "reversion" (37) are not clearly understood. By increasing survival of activated CTLs, B cells may participate in the process that promotes such conversion. In particular, it has been observed that CD27 is required for generation and long term maintenance of T cell immunity (19) , and promotes survival of activated CD8 T cells. Collectively with CD28, it contributes to the primary and memory CD8 T cell responses to influenza virus in a mouse model (20) . In addition, CD27 and its ligand CD70 have been described as markers and mediators of B cell responses in the germinal center, suggesting a role for B cell expansion (38) . However, no report has to our knowledge described a CD27/ CD70-mediated cross talk between activated CD8 T cells and B cells that results in enhanced survival and proliferation of the T cells.
As CD4 ϩ cells program CD8 ϩ memory cells through cell-tocell interactions (39) , it is possible that B cells may participate in these interactions providing additional chemoattraction and survival signals for CXCR3-expressing T cells. In fact, irradiated autologous or heterologous EBV-transformed lymphoblastoid B cell lines have long been used as "feeder cells" for the clonal expansion of CTLs (40) . Their beneficial effect on CTL proliferation has generally been attributed to costimulatory property of lymphoblastoid B cell line in the context of Ag presentation in autologous settings, or through nonself recognition in heterologous settings. In this study, we clearly show that CTL/B cell interactions occur independently of Ag presentation and in autologous settings strongly supporting a helper role of bystander B cells.
In summary, we discovered that B cells play a helper role upon coupling with activated CTLs; production of chemoattractant cytokines is enhanced promoting a positive feed back to retain and/or attract CTLs in areas of inflammation. Although CTL/B cell coupling is independent of Ag presentation by B cells, it appears to favor Ag-activated CTLs. Moreover, the secretion of chemokines is associated with increased proliferation and survival of these CTLs that is at least in part mediated through CD27/CD70 contact. The possible role of a soluble cofactor is presently under investigation.
Online supplemental material
Video1.mov shows contacts between tetramer Flu ϩ /CD8 ϩ cells, and autologous CD19 ϩ cells during a 2.5-h period of culture. CD8 cells move through the field, and engage interactions with rather static B cells.
